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Abstract 
Fluorocarbon coatings were deposited on the surface of regenerated cellulose films by RF magnetron sputtering, using 
polytetrafluoroethylene targets. Argon was used as the working gas. The coatings were characterized by X-ray photoelectron 
spectroscopy, Fourier transform infrared spectroscopy, atomic force microscopy, static contact angle and oxygen permeability 
measurements. It was found that the coatings were made up of the four components -CF3, -CF2-, -CF- and -C-. The [F]/[C] ratio 
varied with sputtering conditions. The surface of fluorocarbon coatings had an undulate island structure. The static contact angle
of the coatings was greater than 90° at lower power and higher pressure, and the substrate material was transformed from 
hydrophilic to hydrophobic character. The fluorocarbon coatings were porous and did not influence the oxygen permeability of 
the cellulose film substrates.
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1. Introduction 
Regenerated cellulose film (trade name: cellophane paper) is widely used as wrapping paper 
because of its excellent gas permeability. It is beneficial for keeping some foods fresh. The raw 
material of regenerated cellulose is cotton or wood cellulose, and cellulose is the most abundant 
resource in nature. It is renewable, biodegradable and biocompatible and is thus one of the main 
chemical resources of the future [1-4]. However, the applications of cellophane paper are limited 
by its sensitivity to water, arising from the three hydroxy groups in each repeating unit [5], as 
shown in Figure 1. For that reason it is necessary to prepare wrapping paper that has 
substantial hydrophobicity. 
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Figure 1 Chemical structure of cellulose 
 
The hydrophobicity of the film surface is determined by the chemical composition and 
morphology of the surface. Reducing the surface free energy and increasing surface roughness is 
an important route to hydrophobicity. Many techniques have reached the goal of improving the 
water resistance of regenerated cellulose film, and coating is a simple and effective method [5-8]. 
The RF magnetron sputtering technique is the coating method in common use. Advantages of 
the RF sputtering process are simplicity and time savings, it is an environmentally friendly 
process, and probably most importantly the coating has superior adhesion to substrates. The 
method has been widely applied to surface modification of polymer materials [9,10] in the past 
decades. Polytetrafluoroethylene (PTFE) is self-lubricating, has low electrical conductivity, 
resistance to acid and alkali erosion and excellent hydrophobic properties. Fluorocarbon 
coatings have been deposited on cellophane paper substrate by rf sputtering in a pure argon 
atmosphere. The regenerated cellulose films (RC) coated with fluorocarbon exhibit good water 
resistivity; the substrate is transformed from hydrophilic to hydrophobic. 
In this study, we attempted to prepare a fluorocarbon coating on regenerated cellulose film by 
RF magnetron sputtering. Chemical composition, surface structure and morphology, static 
water contact angle and oxygen permeability of the coated films were investigated. 
2. Experimental Section  
2.1 Materials 
The regenerated cellulose film (60 Ǎm) used as substrate was kindly provided by Weifang 
Henglian Cellophane Co., Ltd. (Shandong, China). The PTFE sheet with thickness about 2 mm 
and diameter 75 mm, used as a sputtering target, was obtained from Jinan Plastics Ltd. 
(Shandong, China). Acetone was analytical grade and was used without further purification. 
2.2 Radio Frequency (RF) Sputtering of PTFE onto the Regenerated Cellulose Film㸦RC㸧
Surface 
Fluorocarbon coatings were deposited on RC substrates using an RF magnetron sputtering 
apparatus with 13.56 MHz power supply. Substrates were mounted on the anode, and PTFE 
sheet was bonded to the cathode. The target was located 5 cm above the substrate holder. Both 
electrodes were cooled using tap water. Prior to deposition of fluorocarbon coatings, the RC 
substrate was cleaned with absolute alcohol. During the pre-sputtering operation required for 
target surface cleaning by ion etching, at 0.12 W cm-2 for 10 min, a shutter was interposed 
between the substrate holder and the target. The chamber was evacuated to a base pressure of 
2×10-3 Pa then pure argon as working gas was introduced and the vacuum was adjusted to the 
working pressure. The deposition time of fluorocarbon coatings was kept constant at 60 min. RF 
power was varied between 80 and 200 W, and pressure was varied between 1.0 and 4.0 Pa. 
2.3 Characterization 
The surface morphologies of the various samples were studied with an SPI3800N atomic force 
microscope (AFM). In each case, an area of 20×20 Ǎm was scanned using the tapping mode. The 
chemical compositions of the fluorocarbon coatings on the RC surfaces were determined by X-
ray photoelectron spectroscopy (XPS), using a VG ESCALAB MKII spectrometer. Aluminum Kǂ 
X-rays were used as the photo-excitation source at 25 kV working voltage, with 10ï7 Pa vacuum 
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chamber pressure. Infrared spectra were obtained using a Nicolet 7500 Fourier transform 
spectrometer. The samples for FT-IR spectroscopy were obtained by scraping the deposited 
coatings from the RC substrates, and dispersing the scrapings in KBr compressed pellets. Static 
water contact angles of the fluorocarbon coatings deposited on the surface of RC were measured 
by the sessile drop method at 25°C and 65% relative humidity using a self-built apparatus. The 
volume of the water droplet was 1.2 Ǎl. The values presented of the measured contact angles are 
average values from measurements at five points chosen in the central area of the sample films. 
The oxygen permeability was estimated using a Gas Permeability Tester (VAC-V1, Labthink, 
Jinan, China) on 120×120 mm films. The permeation cavity was divided into two independent 
chambers by the sample. The two chambers were evacuated, then one chamber was filled with 
oxygen at 0.1 MPa (absolute pressure) while the other chamber was kept evacuated. In this way, 
the specimen film was subjected to a pressure difference of 0.1 MPa. The test gas permeated 
through the film to the low pressure side and caused a pressure change that was measured with 
a high precision vacuum gauge, and the gas transmission rate (GTR) was calculated according 
to the formula: 
c
u
V dp
GTR
R T P A dt
 u
u u u
 
Vc : The volume of low-pressure side 
T : The test temperature (thermodynamic temperature) 
A : The effective transmission area 
dp/dt: The pressure variation on low pressure side per unit time after the transmission becomes 
stable 
R: The gas constant. 
3. Results and Discussion 
3.1 Chemical Composition of the Sputter-Deposited Fluorocarbon Films on RC Surfaces 
XPS wide scan and C1s and F1s narrow scan spectra were recorded. Figure 2 shows typical 
wide scan spectra and a C1s narrow scan spectrum of a fluorocarbon coating on an RC surface. 
The wide scan spectrum shows a strong O1s signal, and relatively weak C1s and F1s signals. 
The O1s signal probably arises in part from the substrate and in part from interaction of the 
fluorocarbon coating with air during sample transfer. The F1s signal arises from fluorocarbon 
fragments deposited on the substrate. The composition and chemical bond structure of the 
fluorocarbon coatings were determined from the C1s narrow scans curve-fitted with four peak 
components [11], as shown in Figure 1(b), with binding energies 284.6 eV for the -C- species, 
285.4 eV for -CF-, 286.6 eV for -CF2-, and 288.0 eV for -CF3. The ratio of fluorine to carbon 
([F]/[C]) was evaluated from the areas (A) of the C1s and F1s bands, and their sensitivity factors 
(S). 
[F] /[C] = (AF1s / SF1s) / (AC1s / SC1s) 
where SF1s=1.00 and SC1s=0.25. 
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Figure 2 Typical XPS wide scan and C1s narrow scan spectra of a fluorocarbon coating on an 
RC surface. 
 
The relative proportions of the four carbon components and the [F]/[C] ratios for fluorocarbon 
coatings made at a range of powers (at constant 2.0 Pa pressure) and pressures (at constant 150 
W power) are summarized in Table 1.G
Table 1 Proportions of the four components and F/C ratio of the fluorocarbon coatings formed at 
a range of powers and pressuresG
Power 
[W] 
-CF3 -CF2- -CF- -C- 
[F]/[C]
Pressure
[Pa] 
-CF3 -CF2- -CF- -C- 
[F]/[C]
% % 
80 
100 
150 
15.66 
12.79 
10.90 
25.73 
19.99 
25.36 
42.74 
45.32 
27.52 
15.87 
21.90 
36.22 
1.412 
1.237 
1.108 
1.0 
2.0 
3.0 
9.15 
10.90 
10.61 
26.52 
25.36 
28.26 
23.01 
27.52 
24.51 
41.32 
36.22 
36.63 
1.036 
1.108 
1.128 
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200 8.72 22.67 26.22 42.39 0.976 4.0 11.47 33.00 22.92 32.61 1.232 
 
The [F]/[C] ratio of the fluorocarbon coatings was much smaller than the stoichiometric ratio 
(2.0) of the PTFE target, indicating that the coatings were deficient in fluorine and had C=C 
double bonds in the fluorocarbon macromolecular chain [12]. The C=C bond is easily oxidized in 
air, so the O1s signal was strong in the wide scan spectra. The [F]/[C] ratio decreased with 
increasing power, and increased with increasing pressure, because the proportions of the four 
components differed with varying sputtering conditions. When the relative proportions of the 
saturated components (SCs) -CF2- and -CF3 were higher, the [F]/[C] ratio was larger, and when 
the relative proportions of the unsaturated components (UCs), -CF- and -C- were higher, the 
[F]/[C] ratio was smaller. The percentage of total SCs dropped from 41.39 to 31.39 with 
increasing power, whereas SCs increased from 35.67 to 44.47% with increasing pressure. 
The reason for these trends may be the distinctive dissociation-synthesis-growth process by 
momentum transfer and polymerization in the double polymer (target-substrate) system [13]. 
Since Ar is a nonreactive gas, the sputter-generated active species are not consumed by the 
argon plasma [14]. At constant pressure, increase in power can lead to increase in the mean 
momentum of species bombing the target, thereby increasing the number of activated ejected 
fragments and the intensity of impinging on the substrate surface. The proportion of UCs 
should also be increased, because formation of these components requires the higher 
momentum transfer level supplied by enhanced power. On the other hand, enhanced pressure 
increases the frequency rather than intensity of species bombing, thereby decreasing the mean 
species energy at a given power level. Accordingly, in survival competition between saturated 
components and UCs, the proportion of saturated components introduced into the coating 
becomes higher, since formation of the fluorine-rich components requires a lower momentum 
transfer level, which makes the fluorine-rich components preferably bond with constituents at 
the decreased mean particle energy level. 
3.2 Chemical Structure of the Sputter-Deposited Fluorocarbon Films on RC Surface 
 
Figure 3 FT-IR spectra of fluorocarbon 
coatings       Figure 4 AFM image of fluorocarbon coating on 
formed at 1.0 and 3.0 Pa.                          RC surface. 
The chemical structure of the sputter-deposited fluorocarbon coatings was investigated by FT-
IR spectroscopy; Figure 3 shows FT-IR spectra of coatings formed at 1.0 and 3.0 Pa. When the 
sputtering pressure was 3.0 Pa, the FT-IR spectrum of the fluorocarbon coating displayed the 
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strong characteristic absorption bands of -CF- groups at 1073 cm-1 (-CF- stretch), a weak 
absorption bands at 1157 cm-1 (symmetric -CF2- stretch) and 1266 cm-1 (asymmetric -CF3- 
stretching); and a medium intensity absorption band at about 1626 cm-1 assigned to C=C 
stretching. The spectrum indicates that there are C=C double bonds on the surface of the 
fluorocarbon coatings. Accordingly, the [F]/[C] ratio was much smaller than 2.0. A very strong 
characteristic absorption band of -CH- groups was found at 2800-3000 cm-1.  
The FT-IR spectrum for the fluorocarbon coating formed at 1.0 Pa was similar to the 
spectrum of the coating formed at 3.0 Pa, except that the absorption intensity was weaker at 
1157 cm-1 and 1266 cm-1 indicating fewer -CF2- and -CF3- groups on the surface of the coating. 
The [F]/[C] ratio decreased with decreasing pressure.  
3.3 Surface Morphology of the Sputter-Deposited Films As Revealed by Atomic Force 
Microscopy 
Surface morphology is of great importance for applications of the deposited fluorocarbon 
coatings as water resistant coatings on RC surfaces. Figure 4 shows an AFM image of a 
fluorocarbon coating formed at 150 W and 2.0 Pa. The coating shows a distinctive topography 
with island-like structures. The islands are about 100 nm wide and grow vertically from the 
substrate surface. Each island is composed of many nanometer-scale particles. At the base of 
the coating the deposits merge and form a dense layer, while at the surface of the coating spaces 
appear between islands. The surfaces of the coatings were undulate, with surface roughness 
about 400 nm. 
3.4 Hydrophobic Property of the Sputter-Deposited Films on RC Surface 
Surface hydrophobicity is a very important property of the deposited fluorocarbon films as 
water resistant wrapping materials. Table 2 shows the effect of the sputtering power and 
pressure on water contact angle and [F]/[C] ratio of the fluorocarbon coatings. 
 
Table 2 The effect of sputtering power and pressure on static water contact angle and [F]/[C] 
ratio of fluorocarbon coatings deposited on RC surfaces. 
Power 
[W] 
Pressure 
[Pa] 
Contact angle 
>r@ 
[F]/[C] Pressure 
[Pa] 
Power 
[W] 
Contact angle 
>r@ 
[F]/[C] 
0 
80 
100 
150 
200 
 
 
2.0 
27.25 
95.37 
90.26 
88.29 
65.04 
 
1.412 
1.237 
1.108 
0.976 
0 
1.0 
2.0 
3.0 
4.0 
 
 
150 
27.25 
75.37 
88.29 
92.55 
95.13 
 
1.036 
1.108 
1.128 
1.232 
 
The hydrophobicity of the RC surface was enhanced to a great extent; the water contact angle 
was larger than 90° for some sputtering conditions. The RC surface was transformed from a 
hydrophilic to a hydrophobic surface. The hydrophobic nature of the RC films is consistent with 
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the [F]/[C] ratio of the fluorocarbon coatings. The hydrophobicity decreased with increasing 
power, and increased with increasing pressure, because the hydrophobicity is related to the 
proportions of the saturated components. Fluorine-rich components have low surface free 
energy, which can significantly increase water contact angle [15]. Moreover, the fluorocarbon 
coatings deposited on RC surfaces possess greater roughness (Figure 3), which can significantly 
enhance the apparent contact angle by increasing the actual solid-liquid interfacial area [16].   
3.5 Oxygen permeability of the RC films and the Sputter-Deposited Films 
The oxygen permeability of the RC films is another important property for use as wrapper 
materials, particularly for some foods to maintain freshness. Table 3 shows the oxygen 
permeability of the uncoated RC films and the sputter-coated films at 150 W and 2.0 Pa. 
Table 3 Oxygen permeability of RC films with and without sputter-deposited fluorocarbon 
coating. 
Sample O2GTR (cm3/m2y24hy0.1MPa) 
RC Film 0.456 
Sputter-Deposited Film 0.453 
 
Based on the data, the uncoated RC film is an oxygen barrier film, and the RC film with 
sputter-deposited fluorocarbon coating had oxygen gas transmission rate almost equal to that of 
uncoated RC film. Thus the fluorocarbon coating deposited on the regenerated cellulose surface 
did not influence the oxygen permeability of the substrate. The AFM image in Figure 4 shows 
that the fluorocarbon coating was a porous island structure. Pores were always present in the 
coatings, and the diameter of the pores was far larger than that of oxygen molecules. For that 
reason the fluorocarbon coating did not influence the oxygen permeation rate. 
4. Conclusion 
Water resistant fluorocarbon coatings were deposited on regenerated cellulose substrates via 
rf magnetron sputtering of a PTFE target, using Ar as the sputtering gas. The effects of the 
sputtering conditions on the chemical composition and structure, as well as on the static water 
contact angle and oxygen permeability of the sputter-deposited fluorocarbon coatings were 
investigated. There were significant numbers of C=C double bonds on the surface of the 
fluorocarbon coatings, and the [F]/[C] ratio was much smaller than 2. The [F]/[C] ratio 
decreased with increasing power, and increased with increasing pressure. The surfaces of the 
fluorocarbon coatings had undulate island structure; the roughness was about 400 nm for 60 
min deposition time. The static contact angle of the fluorocarbon coatings was greater than 90° 
at lower powers and higher pressures. The fluorocarbon coatings did not influence the oxygen 
permeability of the underlying RC substrates. 
Acknowledgements 
Authors appreciate the supports of (1) The National Natural Science Foundation of China 
(50673046); (2) Program for Changjiang Scholars and Innovative Research Team in University; 
(3) Program for Excellent Innovative Research Team of Shandong Province, China. 
References 
[1] Schurz. J, Prog. Polym. Sci, 24 (1999) 481. 
 Yuhui Zhang et al. /  Physics Procedia  32 ( 2012 )  706 – 713 713
[2] Nahla A. El-Wakil, Mohammad L. Hassan, J. Appl. Polym. Sci., 109 (2008)2862. 
[3]Klemm D., Heublein B., Fink H.-P., Bohn A., Angew. Chem. Int. Ed., 44 (2005)3358. 
[4] J. P. Zhou, R. Li, S. L. Liu et al., J. Appl. Polym. Sci., 111 (2009)2477. 
[5] X. D. Cao, R. Deng, L. N. Zhang, Ind. Eng. Chem. Res., 45 (2006)4193. 
[6] Kosokawa, J.; Nishiyama, M. Jap. Patent No.02 127486 (1990). 
[7] Koseki, H. Jap. Patent No. 04 334448 (1992). 
[8] Hagan, L.; Celeniano, V. D. US Patent No. 3011910 (1961). 
[9] A. M. Wrobe, Kryszew, W. Rakowski, M. Okoniewski and Z. Kubaski: Polymer, 19(1978)908. 
[10] W. Rokowski, M. Okoniewski, K. Bartos and J. Zawadzki: Meliand Textilber, 63(1982)307. 
[11] G. A. Hishmeh, T. L. Bar: J. Vac. Sci. Technol., A, Vac. Surf. Films, 14(1996)1330. 
[12] Y. Yamada, T. Kurobe, Jpn. J. Appl. Phys.3(1993)5090. 
[13] H. J. Qi, Y. H. Zhang, J. F. Di: Surf. Coat. Technol., 201(2007)5522. 
[14] Yan Zhang, G. H. Yang, E. T. Kang, K. G. Neoh, Langmuir, 18(2002)6373. 
[15] S. Baxter, A.B.D. Cassie, J. Text. Inst., 36(1945) 67. 
[16] R.N. Wenzel, Ind. Eng. Chem., 28(1936)988.
